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Abstract 

The hydraulic characteristics of miniature slot orifices of relatively short length 
and high aspect (width-to-height) ratio were studied experimentally. The effects 
of orifice dimensions, surface finish, and flow rates on discharge coefficients and 
flow regimes were determined. In addition, the stability and visual characteristics 
of the effluent liquid streams were observed. Orifice surface finish and length-to- 
height ratio were found to exert a primary influence on hydraulic behavior, and 
the flow from these devices was predominantly within the transition region. The 
results are directly applicable to the design of rocket engine injectors incorpo- 
rating this type of orifice. 
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The Hydraulic Characteristics of Flow 
Through Miniature Slot Orifices 

1. Introduction 

In recent years, several variations of a novel liquid- 
propellant injection technique have been introduced to 
the rocket community. This technique makes use of a 
great many slot-like injection orifices, each with a flow 
area on the order of to in.2, arranged in close 
proximity across the face of the injector. (One common 
arrangement is shown in Fig. 1.) The advantages of 
using a large number of very small orifices have long 
been recognized; these include: (1) high combustion 
efficiencies as a result of improved atomization and 
more intimate propellant mixing, and (2) ease of ifijector- 
face cooling because of the transpiration effect. How- 
ever, the implementation of such concepts had to await 
the advent of modern fabrication techniques, which 
made possible the rapid and economical manufacture 
of these devices on a production basis, while guaran- 
teeing reproducible dimensions and surface finishes. 

“Micro-orifice” injectors, as they will be termed in this 
report, are manufactured commercially by a number of 
different methods, some of which are proprietary. How- 
ever, most of the techniques involve the layup into stacks 

(Refs. 1 and 2), or the rollup into a tight coil (Ref. 3) of 
thin metallic plates or ribbons into which slot-like flow 
passages have been formed by chemical milling, stamp- 
ing, punching, or etching. The resulting orifices are 
usually rectangular in cross section and have aspect 

-TIERS OF 
MICRO- 
ORIFICES 

Fig. 7 .  Face of typical micro-orifice injector showing 
numerous slot orifices (artist’s conception) 

JPL TECHNICAL RFPORT 32- 1397 1 



ratios (ratios of slot width w to height t )  of 10 or more. The study was by no means all-inclusive, and many 
In practice, the length-to-height L/t  ratios of the slots aspects of this type of flow remain to be investigated. 
seldom exceed 1000, and most often range between 50 However, the key variables have been identified and the 
and 100. The magnitude of the critical dimensions parametric variations of interest to the rocket injector 
(0.001 in. $: t E 0.003 in., and 0.030 in. .$: w 0.100 in.) designer have been developed. This report presents the 
of typical examples of these holes justifies use of the results of that investigation. 
term, micro-orifice. 

The use of these small, slot-like orifices in liquid- 
propellant rocket engine injectors presumes some under- 
standing of their basic hydraulic characteristics. Metering 
the flow of propellants into a thrust chamber requires 
some knowledge of discharge coefficients, and how they 
are influenced by flow conditions, orifice geometry, and 
surface conditions. If the streams emerging from the slots 
are to impinge or otherwise interact, at least the rudi- 
ments of their geometry and stability must be under- 
stood. And in throttling applications, the flow regime 
(laminar, turbulent, or transitional) is of importance be- 
cause of its influence on the relationship of pressure drop 
to flow rate. 

Unfortunately, however, the requisite information is 
not to be found in the literature. The classical work with 
rectangular cross sections, both theoretical and experi- 
mental, has been concentrated on infinitely long ducts 
where fully d veloped velocity profiles prevail (e.g., 
Refs. 4, 5, and 5 , and on flow areas of low aspect ratio 
(w/t  10). The injector micro-orifices, on the other hand, 
have low enough L/ t  ratios that fully developed flow 
may not, in general, be expected. Furthermore, because 
of their relatively high aspect ratios, the flow through 
such orifices is quite similar to that between infinitely 
wide parallel plates, where the aspect ratio per se ceases 
to be a significant variable. Discussions with cognizant 
representatives of the commercial manufacturers of these 
devices revealed a similar lack of all but the most cursory 
information on the hydraulic characteristics of rectangu- 
lar micro-orifices. 

Because of the increasing importance of micro-orifice 
injectors in present-day liquid-rocket technology, and 
because of other potential, injector-oriented applications 
of small, slot-like holes, a study of their gross hydraulic 
characteristics was undertaken at the Jet Propulsion 
Laboratory. The objective of this study was to deter- 
mine the effects of geometry (dimensions and surface 
finish) and flow variables on the discharge coefficients 
and flow regimes of micro-orifices, as well as on the 
visual characteristics of the liquid streams emerging 
from them. 

II .  Apparatus 

The configuration of a typical slot-flow device is repre- 
sented schematically in Fig. 2. For clarity, some dimen- 
sions have been exaggerated, and some details, such as 
fasteners and pipe fittings, have been omitted. The 
apparatus consisted of a stainless steel orifice block with 
a rectangular channel of length L, width w, and height t 
machined into its upper surface. This channel led from 
an internal manifold cavity, the dimensions of which 
were very large compared to those of the channel, to the 
exterior of the block. When the stainless steel cover 
plate was fastened securely to the orifice block, its highly 
polished lower surface S3 formed the fourth boundary 
side of the rectangular duct and the upper side of the 
manifold cavity. The use of a large fluid entrance port 
in conjunction with this voluminous cavity helped pro- 
vide nearly stagnant conditions upstream of the orifice. 
The pressure tap was so located as to permit the meas- 
urement of fluid static pressure immediately ahead of 
the orifice entrance. 

FLUID ENTRANCE 
PORT 1 

COVER PLATE 
PRESSURE 

fig. 2. Schematic representation of typical 
slot flow device 
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Fig. 3. End view of 0.003 X 0.100-in. slot 

Orifice blocks with channel lengths L of nominally 
0.05, 0.10, 0.20, and 1.0 in. were fabricated. Originally, 
these all had slot heights t of about 0.003 in. In the course 
of study, the t-dimension of each was progressively re- 
duced to about 0.001 in. by grinding down the upper 
surface S1 of the orifice block. The width w remained 
constant at approximately 0.100 in. throughout the pro- 
gram. Figure 3 shows an end view of one of the slots 
formed by assembling the cover plate and orifice block, 
and Fig. 4 illustrates the four slot lengths employed. 

The surface finish indicated in the photomacrographs 
(Fig. 4) was produced by grinding, and was typically 
k 5  pin. rms parallel to the striations and 13 pin. per- 
pendicular to them. This finish was characteristic of the 
lower surface S3 of the cover plate, which formed one 
side of the flow passage, and its mating surface S1. 

In most instances, the lower surface S2 of the flow 
passage was also formed by grinding, and had the same 
characteristic surface finish (Fig. Sa). However, in a 
limited number of cases other techniques were used to 
form the surface S2. These included hand-honing the 
ground surface (Fig. 5b), electric-discharge machining 
(Fig. Sc), and hand-honing the electric-discharge- 
machined surface (Fig. Sd). Honing was found to exert a 
considerably greater influence on the electric-discharge- 
machined surfaces than on the ground surfaces. It should 
be noted that the electric-discharge-machined surfaces 
are quite similar to those produced by chemical-milling 
(acidic ferric chloride) in a typical, commercially pro- 
duced* micro-orifice injector (Fig. e), which justifies 
- 

*HIPERTHIN injectors, a product of Aerojet-General Corp., Sacra- 
mento, Calif. 

their inclusion in this study. Both processes remove small 
parcels or “domains” of material from the surface, leaving 
a characteristic dimpled appearance. 

It should be kept in mind that the honed or electric- 
discharge-machined surfaces formed only one side of 
each slot. In all cases, the other side was the 5-pin. 
ground surface of the cover plate. 

111. Experimental Procedures 

After each machining modification, the dimensions 
and surface finishes of the individual orifices were meas- 
ured by the JPL Inspection Department, and the actual, 
rather than the nominal, dimensions were used in calcu- 
lating flow parameters such as the Reynolds number Re. 

Each test device was mounted in the JPL spray-test 
facility and flowed vertically downward into ambient 
air. The test fluids were distilled water, trichlorethylene, 
and commercial grade n-hexane. Steady-state flow rates 
were determined by the timed collection of effluent in 
precision volumetric apparatus. Fluid temperature was 
measured for each data point so that the proper liquid 
density could be used in converting the flows to a 
gravimetric basis. Static pressure was measured to within 
t2% using precision Bourdon gages. 

During selected experiments, high-speed microflash 
still photographs were made to document the visual 
appearance of the emerging liquid streams, and high- 
speed (7000 frames/s), stroboscopically illuminated mo- 
tion pictures were taken to assess their stability. 

iV. Results and Discussion 

This section defines terms used in the report, de- 
scribes the effects of various parameters on discharge 
coefficient c d  and flow regime, and discusses the phe- 
nomenon of “hydraulic flip,” characteristics of streams 
from slot orifices, and limitations on slot depth. 

A. Definition of Terms 

1.  Orifice discharge coefficient. In the turbulent flow 
of fluids through orifices, a parameter known as a dis- 
charge coefficient cd has been found to be quite useful 
in representing the degree of energy loss sustained by 
the stream upon discharge. One way of defining this 
coefficient is 
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(4 0.05 in. 

(c) 0.20 in. 

(b) 0.10 in. 

(d) I .O in. 

4 

Fig. 4. Typical slot lengths investigated (shown for 0.002 X 0.100-in. slots with Spin. surface finish) 
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Fig. 6. Appearance of chemically milled slots from commercially produced injector (20 pin. rms parallel to flow) 

in consistent units. As demonstrated in the Appendix, ce 
may be further broken down as follows: 

where c, and c, are contraction and velocity coefficients, 
K ,  is a velocity-head coefficient, and f is the Fanning 
friction factor; K ,  = 1 for turbulent flow and 1.6 for lam- 
inar flow, c,  is a function of Reynolds number and en- 
trance geometry for turbulent flow and of entrance 
geometry only in laminar flow, and f is a function of 
Reynolds number and the duct wall roughness in turbu- 
lent flow and of Reynolds number only in laminar flow. 

6 

One would expect, then, that cd itself would be a func- 
tion of Reynolds number, geometry, and wall roughness, 
and it is correlated in terms of those parameters in this 
report. The detailed determination of the individual 
terms in Eq. (2) was deemed to be beyond the scope of 
this rather limited investigation, although they are con- 
sidered in the discussions of the results. The measure- 
ment and correlation of friction factors and entrance 
loss coefficients would, however, be a logical extension 
to the present work. 

The parameter cd will be used throughout this report 
to provide a convenient figure of merit with which to 
rate the relative efficiency of discharge without tacitly 
introducing ungrounded assumptions with regard to the 
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various terms in Eq. (2). It expresses the relationship 
between the experimentally measured values of mass 
flow rate and pressure drop. 

2. Flow Reynolds number. The Reynolds number is 
the dimensionless ratio of inertial to viscous forces. In 
treating the flow through noncircular cross sections, it 
is customarily defined in terms of a “hydraulic diam- 
eter” Da: 

2i, 
PA 

- 
where V - 

The hydraulic diameter is defined as: 

wt Dh=- w + t  

(3) 

(4) 

However, with high-aspect-ratio slots, such as those em- 
ployed in the present study, tu >> t, so that 

and 

t v p  R e r -  
P 

Eq. (6) is the definition of Reynolds number used in this 
report. 

3. Weber number. The Weber number We is the di- 
mensionless ratio of inertial to surface forces. It is de- 
fined as 

(7) 

where t is taken to be the significant length dimension. 

B. Effect of Surface Finish on Discharge Coefficient 

The effect of three of the surface finishes shown in 
Fig. 5 on the discharge coefficient cCi at constant geom- 
etry is illustrated in Fig. 4. It is seen that at any par- 
ticular value of the Reynolds number the ground surface 
with a roughness of 5 pin. rms parallel to the direction 
of flow exhibits the highest value of C d .  That is, for a 
given differential pressure across the length of the orifice, 
the one with the ground surface will pass the most mass. 

The unmodified 50-pin. electric-discharge-machined sur- 
face gave the lowest value of c d ,  but this was significantly 
improved by honing. These effects must be considered 
to be relative only, since one side of the passage was 
formed by the ground surface of the cover plate. 

It may be predicted that a device with the same 
geometry but having a 20-pin. chemically milled surface 
similar to that of Fig. 6 on one side would produce a 
curve intermediate to those of the ground and the honed 
electric-discharge-machined surfaces in Fig. 7. (Note that 
the curve for the plain electric-discharge-machined sur- 
face levels out at a much lower Reynolds number than 
the others.) Such a leveling is usually associated with the 
attainment of “fully-rough flow, and it is not surprising 
that such a rough surface should induce the transition to 
Reynolds number-independent flow at lower values of Re. 
Based on these results, all subsequent work was carried 
out using only the ground surfaces. 

C. Effect of Orifice Entrance Geometry on Discharge 
Coefficient 

The edect of sharp vs rounded entries on the discharge 
coefficient at constant geometry is shown in Fig. 8. Al- 
though one surface was ground only, whereas the other 
was ground and then honed, their surface finishes were 
virtuaIIy identical; the significant effect shown in Fig. 8 
is that of the entrance conditions. It is observed that 
rounding the entrance (putting an 0.020-in. radius on the 
upstream end of surface S2 in Fig. 2) markedly increased 
cd at any fixed value of Re. Additionally, comparison of 
the lower curve of Fig. 8 with the upper curve of Fig. 7 
gives an indication of the influence of orifice length on 
cd, entrance and surface conditions being the same. At 
a Reynolds number of 2000, increasing L/t from 33 
(Fig. 8) to 67 (Fig. 7) reduces c d  from 0.67 to 0.59 be- 
cause of the additional fluid friction. All subsequent 
work was conducted with orifices having ground sur- 
faces and rounded (0.015- to 0.020-in. radius) entries. 

Also pIotted in Fig. 8 is a curve calculated from 
Eq. (2), assuming c C c v s  1.0 because of the rounded 
entrance, K ,  = 1.0 for turbulent flow, and using values 
of the friction factor f found from the smooth-tube pipe- 
flow charts at equivalent Reynolds numbers. The effec- 
tive value of L/t for the slot with the 4-pin. ground, 
honed surface was employed in the calculations. Good 
agreement between the calculated curve and the ex- 
perimental data for the 4-pin. slot is seen in the turbu- 
lent regime (Re > 2800) where K ,  = 1, indicating that 
surfaces with a finish of 4 pin. or smoother behave very 
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0.8 I I I 
EDM = ELECTRIC-DISCHARGE MACHINED 

ORIFICE DATA I 

4 6 1 oJ 2 4 6 1 

REYNOLDS NUMBER tVP/p, DIMENSIONLESS 

Fig. 7. Effect of surface finish on discharge coefficient at fixed geometry 

much like completely smooth surfaces. Little would be 
gained, therefore, by attempting to manufacture slots 
with surface roughnesses less than 4 or 5 pin. rms. 

Conversely, Eq. (2) may be applied to the top curve 
of Fig. 8 to obtain estimated values of f for 4-pin. ground 
and honed surfaces. Again assuming c,cv and K ,  = 1, 
f = 0.0138 at Re = 2000, and f = 0.00682 at Re = 7000. 
Using this information, the lower curve of cd vs Re in 
Fig. 8 can now be predicted. This curve is for the slot 
with the sharp entrance, for which c,c, will be assumed 
to be 0.611 for turbulent flow. For example, at Re = 7000, 
using Eq. (2) with f = 0.00682, K ,  = 1, and cccv = 0.611, 
cd is calculated to be 0.75, which is in excellent agree- 
ment with the experimental value of 0.74. Similarly, cd 
can be predicted from Eq. (2) in the laminar region 
(c,c, e 1.0, K ,  = 1.6). 

D. Effect of Orifice length on Discharge Coefficient 

A more comprehensive indication of the effect of ori- 
fice length (nondimensionalized and expressed as the 
ratio L/ t )  on C d  is shown in Fig. 9 for a wide range of 
Reynolds numbers. At constant Re, cd is maximized by 
minimizing L/ t  because of the contributions of fluid 
friction within the ducts. 

A crossplot of selected data from Fig. 9 is presented 
in Fig. 10. Here it becomes more apparent that c,l is 
affected principally by L/ t ,  with Re exerting a lesser 
effect which approaches second-order at high values of 
the Reynolds number; cd extrapolates to 1.0 as L/ t  + 0. 
This is reasonable, since the experiments were carried 
out in a regime ( U t  > 10) where fully detached flow 
was not encountered. Had it been possible to conduct 
experiments at lower values of L / t  (0 7 L/ t  7 lo), flow 
separation might have been encountered, and the limit- 
ing value of c,r (as L / t  + 0) would probably have ap- 
proached a lower value. 

The curves shown in Figs. 9 and 10 are not completely 
general; they apply strictly to orifices with a specific 
surface finish and entrance geometry. The effects of the 
major variables are believed to have been adequately 
demonstrated, however. 

E. Hydraulic Flip 

The phenomenon known as “hydraulic flip” (Ref. 7) 
was encountered with most orifices which had L/ t  ratios 
less than about 40. This was not surprising; short orifices 
of other cross sections, notably those that are circular, 
exhibit similar behavior. For the devices studied in the 
present investigation, the flip would have consisted of 
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Fig. 8. Effect of orifice entrance on discharge coefficient for fixed geometry and surface finish 

the sudden separation of the liquid stream from the 
surface S2 along its entire length L (see Fig. 2); the flow 
would have remained attached to the opposite wall S3. 
With attached flow on 53, there would have been little 
tendency for the flow to reattach to S2 at some point 
downstream of the separation point, so the symptoms 
of hydraulic flip were detected at L/t  ratios as high as 40. 

An example of this flip phenomenon is presented in 
Fig. 11 for water (a) and trichlorethylene (b). As the 
flow rate (expressed here as Re) is increased, a point is 
reached at which the flowing stream suddenly detaches 
itself from the wall S2 of the slot and flows free, with a 
correspondingly abrupt decrease in C J .  As the flow Re is 
decreased, the stream suddenly reattaches again, but at 
a lower value of Re than that encountered with increas- 
ing flow. This is the characteristic hysteresis loop asso- 
ciated with hydraulic flip. For simplicity, data points 
representing detached flow have been omitted from Figs. 
9 and 10. As shown in Fig. 10, at L/t  = 40, the highest 
values of cd to be expected for hydraulically stable 

micro-orifices (L / t  7 40) with this particular kind of 
surface and entrance conditions range between 0.54 and 
0.75, depending on Re. These low values of cd imply 
that rather high pressure drops may be necessary to 
maintain a given level of flow. Lowering L/ t  to alleviate 
this situation may, however, lead to hydraulic instability. 

Values of cd just prior to hydraulic flip may be pre- 
dicted by Eq. (2). Since the orifices from which the data 
of Fig. 11 were generated had sharp entrances, c,c, may 
be assumed to be 0.611. The friction factor for a 5-pin. 
surface near Re = 2000 was shown earlier to be 0.0138, 
and is close to 0.01 near Re = 3000. As will be discussed 
in the following subsection of this report, the pre-flip 
flow through the orifices (Fig. 11) was transitwnal, and 
not completely turbulent. Accordingly, a reasonable 
intermediate value of I(, (m1.24) must be assumed. The 
use of these values in Eq. (2) enables prediction of the 
pre-flip cd values for Fig. l l a  and b to be 0.65 and 0.67, 
respectively, which are in excellent agreement with the 
experimentally determined values. 
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Fig. 11. Hydraulic flip of short orifice 

The Reynolds number at which flip occurs may be 
estimated from Eq. (A-16) (see Appendix). Using the 
aforementioned values of c ,c ,  f, and K , ,  in conjunction 

7 

@ 

with the density, viscosity, and vapor pressure of water 
and trichlorethylene, enables one to predict that at at- 
mospheric pressure, flip will occur at Re = 1900 for 
water and 3060 for trichlorethylene. Both of these values 
are in excellent agreement with the experimental results 
of Fig. 11. Similarly, the post-flip values of c d  of about 
0.61 are in agreement with those predicted by Eq. (A-10) 
(see Appendix). 

In the case of a firing rocket engine, “ambient” pres- 
sure equals chamber pressure, (pa  = p,), and the Reynolds 
number at which hydraulic flip will occur is increased 
substantially. Thus, hydraulic flip may be encountered 
only at very high flow rates with orifices of this type 
under firing conditions. 

F. Effects of Orifice length and Reynolds Number on 
Flow Regime 

The relationship between the mass flow rate through 
an orifice and the corresponding pressure differential 
across that orifice is of importance in injector throttling 
applications. If the flow through a very long slot is purely 
laminar, for example, the pressure drop is directly pro- 
portional to the mass flow rate. That is, the exponent b 
is unity in the relation 

so a tenfold change in mass flow would require a ten- 
fold change in pressure drop. On the other hand, if the 
flow in a very short orifice were in the region of Reynolds 
number similarity, the exponent b in Eq. (8) would be 
2, and a hundredfold change in h p  would be required 
to effect the tenfold change in &. In intermediate or 
transitional flow regimes, 1 < b < 2. For throttling ap- 
plications, then, the exponent b emerges as a parameter 
of great interest. 

The gross nature of the measurements made during 
this study makes it difficult to authoritatively classify 
the various flows obtained as definitely “laminar,” “tur- 
bulent,” or “transitional.” Velocity profiles, levels of 
turbulence, and the like, were not measured. Therefore, 
in the following discussion, the flows will be charac- 
terized mainly in terms of the empirical exponent b of 
the power-law relation of Eq. (8). 

Values of the exponent b were determined by differ- 
entiating, both graphically and analytically, the curves 
of ~p vs Zi, obtained for each of the flow devices. The 
results are plotted in Fig, 12, which shows how b varied 
with Reynolds number and orifice L/ t  ratio for ground 
slots with rounded entries. 
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Fig. 12. Variation of exponent b with Reynolds number and orifice length 

Examination of Fig. 12 yields the striking observation 
that over wide ranges of L/ t  and Re, the exponent b lies 
between 1 and 2. If b may be taken as an index of the 
flow regime, transitional flow may be said to dominate 
for small, slot-like orifices; clear-cut laminar or turbulent 
behavior is in evidence only at the extremes of the ranges 
of variables, although low values of L / t  and high values 
of Re tend to increase b. As Re is increased, the curves 
for all values of L / t  appear to approach b = 2 asymp- 
totically, having essentially attained that limiting value 
in the vicinity of Re = 2800. This is as expected, since 
that is the theoretical critical Re for flow between infinite, 
parallel flat plates, a condition approximated by flow 
in high-aspect-ratio slots. As a rule of thumb, then, 
Reynolds numbers in excess of 2800 appear necessary 
to assure Reynolds number-similar flow behavior (b  = 2). 
If the orifices are long (low cd), excessively high pressure 
drops may be required to achieve this condition. 

Laminar-like flow, if desired, appears feasible only at 
Reynolds numbers of 400 or below, depending on the 
particular value of L/t .  However, it was observed in 
these experiments that the correspondingly low flow 

12 

rates required to achieve b = 1 often led to a “weeping” 
or “dribbling” of effluent from the orifice, rather than 
discrete streams of liquid (Fig. 13a). In practical rocket 
engine injectors, where vigorous stream interactions are 
usually essential to promote propellant mixing and 
atomization, the resultant stream velocities may be too 
low. The designer may find, therefore, that linear pro- 
pellant throttling and high combustion efficiencies are 
mutually incompatible. 

In the dominant “transitional” (1 < b < 2) region, 
b = f (Re) for any fixed value of L/ t  and will, therefore, 
change as the flow rate is varied during throttling. 
Accurate prediction of flow rates during such throttling 
is, therefore, predicated on detailed hydraulic data 
describing the behavior of individual slots of the type 
used in the injector, and cannot proceed a priori as it 
would for purely laminar or turbulent flow. 

G. Visual Characteristics of Streams From Slot Orifices 

A number of high-speed, microflash still photographs 
were taken of streams of water and hexane emerging 
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from the micro-orifice slots. A sampling of these photo- 
graphs is presented in Fig. 13. The streams were char- 
acteristically flat sheets with the predominant edge ribs 
commonly observed in the flow from rectangular orifices 
(Ref. 8). They assumed a typically triangular shape. The 
apex angle was found to decrease with increasing flow 
rate and to increase with increasing liquid surface ten- 
sion. This observation suggested that the apex angle was 
sensitive to the balance between inertial and surface 
forces on the sheet. Not surprisingly, then, a good corre- 
lation was found between the apex angle p and the ratio 
of these two forces, the Weber number. This is shown 
in Fig. 14. For the ranges 36 5 L/ t  5 525 and 2 < We 
< 30, the two are related by 

p = 135 We-’ (9) 

It would be expected that p would depend on the 
orifice width w, as well as the height t. However, all the 
devices used in this study were of constant width 
(0.100 in.), so it was not possible to evaluate the extent 
of that effect. The width employed was typical of those 
used in slot-type rocket injectors, however, making the 
present results applicable to their design. 

The number shown next to each data point in Fig. 14 
is the corresponding value of the Reynolds number. In 
the overlap region between the two fluids (8.5 <We 

100 2 4 6 lo1 2 4 6 lC? 
FLOW WEBER NUMBER Vt”’ (P/os,j’/*, DIMENSIONLESS 

Fig. 14. Variation of sheet apex angle 
with flow Weber number 

< 9.2) there is a wide variation in Reynolds number 
(426 < Re < 658), but good correlation in terms of 
Weber number alone is still possible. This is an indica- 
tion of the Reynolds number independence of the sheet 
spreading angle. 

The effiuent sheets also exhibited the surface tension 
phenomenon known as “inversion” (Ref. 9) characteristic 
of streams emerging from flat or elliptical orifices. That 
is, at regular distances downstream from the orifice, the 
sheet circularized, but then overshot and became ellip- 
tical, with its long axis at 90 deg to that of the original 
sheet in the plane of its cross section. These inversions 
were stable in time. This effect is shown in some of 
the low-flow-rate photographs in Fig. 13 (at high flow 
rates stream breakup occurred beyond the first node), 
and also in the side view of Fig. 15. 

Unlike the jets produced by circular orifices, therefore, 
the sheets formed by such slots do not exhibit a constant 
cross-sectional area with axial distance. Thus, if the 
streams are intended to impinge at some point in space 
external to the orifices, their initially triangular geometry 
and successivc inversions must be considered in laying 
out the relative positions of the slots. 

H. Stability of Streams From Slot Orifices 

The high-speed motion pictures taken of streams of 
water and hexane emerging from the rectangular slots 
revealed a remarkable stability in their dimensions and 
direction with respect to time. This was true for flow 
rates in the laminar, transitional, and turbulent regimes, 
and for L/ t  ratios ranging between 36 and 980. Figure 16 
shows three successive frames from one of the films, 
taken at intervals of 2.5 X s, which are typical of 
all the results obtained with regard to dimensional 
stability. The orifice of Fig. 16 was only 0.1 in. long. 

These results may be contrasted to those of Ref. 10, 
where similar cinematography showed the jets emerging 
from short square-edged orifices of circular cross section 
to be inherently unstable, writhing and flickering about 
at random. High values of orifice length do not appear 
to be as necessary to assure stable streams with miniature 
rectangular slots as they are with conventional round jets. 

1. Practical limitations on Slot Depth 

For the most part, the streams formed from the 
thinnest slots ( t r0 .001 in.) were degraded to various 
extents at high flow rates and would probably be unsuit- 
able for use in a rocket engine injector. As shown in 
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V. Summary of Results 

The experimental results may be summarized as 
follows: 

A. Effect of Surface Finish on Discharge Coefficient 

The discharge coefficient was found to be sensitive to 
both the surface finish of the interior of the rectangular 
duct, and to its entrance geometry. This value could be 
increased, resulting in a greater mass flow through the 
orifice for a given pressure differential across it, by using 
smoother surface finishes and rounded entries. Since the 
surface finish is, in turn, related to the process by which 
the orifices are formed (grinding, stamping, electric- 
discharge or chemical machining, etc.), the hydraulic 
characteristics of this type of orifice would be expected 
to be strongly influenced by fabrication techniques. 

B. Effects of Orifice length and Reynolds Number on 
Discharge Coefficient 

For a given orifice cross-section, surface finish, and 
entrance configuration, the discharge coefficient depends 
mainly on the ratio L/t  of length to height, and is affected 
to a lesser degree by the Reynolds number. Low values 
of L / t  and high Reynolds numbers tend to maximize the 
discharge coefficient. 

C. Hydraulic Flip 

Hydraulic flip, a form of flow instability, was en- 
countered when the L/ t  ratio was less than about 40. 
The data indicated that the highest values of c d  for 
hydraulically stable orifices ranged between 0.54 and 
0.75 (depending on Re) for the particular surface finishes 
and entrance .conditions tested. These low values of cd 
imply that rather high values of pressure drop may be 
required to maintain a given level of flow. 

Fig. 15. Side view of hexane stream from high-aspect- 
ratio slot showing characteristic inversions (0.002 X 
0.100-in. slot) 

Fig. 17, for example, striated flows consisting mainly 
of individual filaments were formed in preference to D. Visual Characteristics of Streams From Slot Orifices 

planar sheets. Stream disintegration was enhanced under 
these conditions. This effect is probably due to the fact 
that the dimension of the surface finish marks becomes 
large enough relative to the slot height to influence the 
flow for very thin slots. In addition, clogging of the ori- 
fices by foreign particulate matter proved to be a major 
operational problem for the 0.001-in. slots. A slot height 
of 0.002 in., at which neither of the foregoing problems 
was encountered, would, therefore, be recommended as 
the minimum practical value of this dimension. 

Over 8 wide range of operating conditions, the orifices 
studied exhibited flow that was transitional, rather than 
purely laminar or turbulent. That is, 1 < b < 2 in the 
relation, ap N Gb. Reynolds numbers in excess of 2800 
were found necessary to assure turbulent flow, whereas 
exceedingly low Reynolds numbers (< 400) and long 
orificies were required for laminar flow. Thus, for most 
throttling applications, the relationship between mass 
flow rate and pressure drop would be expected to be a 
somewhat involved function of Re and L/t. 
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Fig. 16. Example of stability of sheet from short slot orifice (0.001 X 0.100-in. slot) 

E. Stability of Streams From Slot Orifices 

The streams emerging from the slot-like orifices were 
found to be highly stable, planar, and initially triangular 
in shape. The apex angle of the triangle was shown to 
vary inversely with the Weber number, and the streams 
exhibited the inversions typical of sheets formed from 
rectangular or elliptical orifices. This unconventional 
stream behavior (compared to jets issuing from round 
orifices) suggests that greater care be taken in the design 
of micro-orifice injectors, especialIy those involving 
stream impingement, than is usual for the common jet 
varieties, 

F. Practical limitations on Slot Depth 

avoid orifice clogging and stream degradation. 
A minimum slot height of 0.002 in. is recommended to 

VI. Concluding Remarks 

The hydraulic characteristics of liquid flow through 
miniature rectangular orifices of high aspect ratio have 

been studied quantitatively, although not in great depth. 
The results were, for the most part, not surprising; the gen- 
eral effects of the principal variables were similar to 
those already well known for the flow of liquids through 
ordinary round holes. 

Manufacturers and users of injectors with such orifices 
shouId be interested, however, in the observations re- 
garding the effects of surface finish (and, therefore, 
manufacturing processes) on flow characteristics, the 
relatively unusual shape and behavior of the free streams, 
and the predominantly transitional nature of the flow. 

Roughness, in particular, exerts a major influence on 
orifice discharge, and must be carefully controlled. 

While by no means complete, the quantitative informa- 
tion developed in this study is directly applicable to 
the design of liquid-propellant rocket engine injectors 
of the so-called micro-orifice class. 
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(0 )  HEXANE, Re = 2800 (b) WATER, Ue = 1040 

Fig. 17. Degradation of streams from short, thin slots at high Reynolds numbers ( f  = 0.001 in.; L/t = 35.81 
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Appendix 

Orifice Flow Model 

Consider an orifice of arbitrary sectional area Ai, fed 
by a liquid of density p and viscosity p from an infinitely 
large reservoir, as in Fig. A-1. The liquid mass flux 
throughput & enters at velocity V o  0 and leaves at Vi. 
Assume the liquid contracts upon entering, forming a 
vena contracta of area At at which the pressure and 
velocity are p t  and vt, respectively, then expands turbu- 
lently, conserving its momentum, reattaches to the con- 
duit walls, and flows full for the length L before exiting 
the orifice. Assume further that friction acts only over 
the length L. The pressure drop between the entrance 
and the vena contracta may be written as: 

where cC = AJAj and cv is the ratio of the actual throat 
velocity Vt to the throat velocity corresponding to isen- 
tropic contraction. Since the net force acting on the fluid 
must equal the net momentum flux, the pressure change 
between the vena contracta and the exit is 

where As is the duct surface area, corresponding to the 
length L, over which the friction force acts, f is the 
Fanning friction factor, and K ,  is a momentum increment 
factor which reflects variations in the velocity profile; 
K,  = 1 for turbulent flow, 1.6 for laminar flow, and ex- 
hibits intermediate values in the transition region. Upon 
incorporating the continuity principle, Eq. (A-2) may be 
simplified to 

The net pressure drop between stations o and a may 
then be found by summing Eqs. (A-1) and (A-3): 

(A-4) 

Fig. A-1. Schematic representation of generalized orifice 

Since the discharge coefficient cd is defined as 

combination of Eqs. (A-4) and (A-5) yields 

(A-5) 

As the flow through the orifice is increased, pt  will de- 
crease. If it decreases until it equals the vapor pressure 
of the liquid, pv, cavitation will occur in the separated 
region, generating large quantities of vapor which seek 
an exit. Expansion and reattachment then cease, and 
the jet flows free of the walls; pt  = p a  because of the 
access of the separated region to the downstream region. 
Hydraulic flip is then said to have occurred. 

The “critical velocity” of the jet just before flip occurs, 
when p t  = pv, may be found from Eq. (A-3) to be 

(P* - pt)”* (2gc)“ 
V C d t  = 2 (A-7) 

p” [= - 2Kv - f (31 l’! 
Incorporation of the definition of Reynolds number 

t v p  Re = - 
P 

(A-8) 
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gives But since w >> t, 

as the critical Reynolds number at which hydraulic flip 
will occur as flow is increased. 

After flip has occurred, the jet may remain separated 
from the walls, and with no friction, expansion or reat- 
tachment losses, 

Cd 5% cccv (A-10) 

Thus, the discharge coefficient just prior to flip may be 
predicted by Eq. (A-6), that immediately after flip by 
Eq. (A-lo), and the Reynolds number at the flip point 
by Eq. (A-9). If the duct is sufficiently long, reattach- 
ment and reabsorption of vapor bubbles may occur, in 
which case Eq. (A-6) would apply at all times. 

The situation for the slots studied in this report is 
represented by Fig. A-2. Here, separation occurs along 
one side only. For a rectangular slot, 

A, = 2L(w + t )  (A-11) 

and 

A = wt (A-12) 

Thus, 

(A-13) 

Fig, A-2. Schematic representation of slot 
orifice from present study 

Le- A 2L (A-14) A -  t 

Then the discharge coefficient prior to flip is given by 

and the Reynolds number at incipient flip is 

(A-16) 

As before, the discharge coefficient after flip is c,c, if 
reattachment does not occur. 

The theoretical value of the contraction coefficient for 
turbulent flow through a sharp-edged slot of high aspect 
ratio, in which flow separation occurs on both sides, is 

(A-17) 73. cC G - = 0.611 T + 2  

By symmetry, the theoretical cc for the slots used in the 
present experiments, where separation occurs on one 
side only, is also given by Eq. (A-17). Smith and Walker 
(Ref. 11) report actual values of cc for circular, sharp- 
edged orifices, which vary between 0.613 for large 
(2.5 in.) diameters at high flow rates and 0.688 for small 
(0.75 in.) diameters at low flow rates. By analogy with 
this circular orifice data, one would expect a similar 
range of values for slot-orifice contraction coefficients. 

The same authors report an opposite variation in actual 
values of c, measured for circular, sharp-edged orifices. 
That is, c, = 0.993 for the large diameters and high flow 
rates, whereas c ,  = 0.954 for the small diameters and 
low flow rates. Thus, for circular sharp-edged orifices 
there is less variation in the product cCcv than in its indi- 
vidual components, and the same may be supposed to 
be true for sharp-edged slots. Thus, the product cccv 
may be expected to vary between 0.61 and 0.66, increas- 
ing as slot height decreases, and may be even greater 
for slots with dimensions as small as those employed in 
the present study. In laminar flow, separation does not 
occur, and cccv 1.0. 
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As already pointed out, K, has limiting values of 
1.0 and 1.6 for turbulent and laminar flow, respectively. 
However, since many of the slots investigated in this 
study exhibited transitional flow, less-well-defined values 
of K,, ranging between these two extremes, may be 
expected. 

be entered at values of Re equal to twice those used in 
this report because of differences in the definition of the 
hydraulic diameter. 

For surface finishes of 5 pin. rms, the smooth-tube 
curves may be used, as demonstrated by the dashed 
curve of Fig. 8. The friction factor may be expected to 
range between about 0.008 and 0.02. 

The standard Fanning friction factor chart may be 
used to determine values off, except that the chart must 

Nomenclature 

A orifice area, in.2 
c, contraction coefficient, dimensionless 
cd orifice flow index, dimensionless 
Dh hydraulic diameter, in. 

f Fanning friction factor, dimensionless 
g ,  gravitational constant, 32.174 (lbm-ft)/(lbf-secz) 
K ,  momentum increment factor, dimensionless 
L orifice length, in. 

pa ambient pressure, psia 
p ,  chamber pressure, psia 
p ,  vapor pressure, psia 
Re Reynolds number, dimensionless 

t slot height, in. 
7 average fluid velocity, ft/s 

w slot width, in. 
& mass flow rate, lb/s 

We Weber number, dimensionless 
p sheet apex angle, deg 
p liquid viscosity, lb/ft-s 
p liquid density, lb/ft3 
u liquid surface tension, lb/ft 

Subscripts 
crit critical 

i jet 
o entrance 
s duct surface 
t throat 
0 velocity 
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